We propose a new micromechanical approach to probe bending rigidity at molecular scale. Long flexible filaments made of magnetic colloids and linkers are shown to adopt under magnetic field a hairpin configuration. Measuring the hairpin curvature as a function of the field intensity and the linker length from diffracted light allows us to deduce the linker bending rigidity . The technique is presented for two types of linkers: a spontaneously adsorbing polymer and a grafted biomolecular.
Superparamagnetic colloids have been used for several years for widely different applications: applying very small forces [1] or torques [2] to DNA molecules, directly measuring colloidal force-distance profiles [3] , targetting and isolating biomolecules or cells [4] , and, more recently, separating large DNA fragments [5] . Here, we describe a novel type of magnetic material: long flexible filaments made of assembled submicronic superparamagnetic colloids, which combine the elastic properties of wormlike chains and the expected response to an external field. Indeed, under a magnetic field, these filaments adopt a multiple hairpin metastable configuration which depends on their length and on the bending rigidity of linkers. The linker structure may vary from a single adsorbed macromolecule to a more complex biological sandwiched architecture. As a first application of these assembled structures, we describe a novel technique to probe the bending rigidity of these various types of molecular linkers. This technique broadens the range of micromechanical measurements focused on bending modes, beyond direct fluctuation analysis [6] or optical tweezer techniques [7] .
The magnetic filaments are obtained by combining the self-assembling ability of dipolar colloids and the ability to control the formation of permanent links with field intensity [8, 9] . Using this method, filaments longer than 200 m with various kinds of linkers can be made. The curvature of the hairpins can be reversibly controlled by the field intensity. The bending rigidity of a single molecular linker can be deduced from the dependence of this curvature on field intensity, and from the linker length which can be measured optically [3] .
One example of such flexible magnetic filaments is shown in Fig. 1 . They are made from monodisperse superparamagnetic colloidal particles (radius a 375 nm) supplied by Ademtech [10] , linked by spontaneously adsorbed polyacrylic acid (PAA, Mw 250 000, Sigma). The particles are first suspended at a volume fraction 0:1%, in an aqueous solution containing 0:1% in weight of PAA and 0:1% in weight of nonyl phenol ethoxylate (surfactant NP10, Sigma). The suspension is introduced into a thin cell with a thickness of e 200 m, and subjected to a magnetic field perpendicular to the cell surface. Upon application of the field, the induced dipole moment in each particle leads to aggregation of the particles into filaments, one particle thick, with a length equal to the cell thickness [11] . Applying a sufficiently strong field (25 mT) causes the PAA molecules to irreversibly link particles [8] . After removing the field, the chains bend under their own weight, as seen in Fig. 1 .
The mechanism of sticking involves the bridging of adsorbed polymers on adjacent particles. At large interparticular distances (larger than the radius of gyration R G ), the colloidal force is repulsive and scales as expÿr=R G [12] . At shorter distances, imposed by the magnetic field, the process of bridging can occur and allows the chains to persist. The distance at which this bridging takes place is less than R G and corresponds to a colloidal force of tens of pN. This rather high force threshold is responsible for the perfect alignment of particles within each chain: Indeed, this threshold can be reached only when the particles are perfectly aligned as a result of the angular dependence of dipolar interactions. The PAA linked filaments exhibit a magnetoelastic response and are chosen to illustrate this new phenomenology. To properly observe it, chains of various lengths, from 10 to 100 m, are allowed to sediment to the bottom of the cell. Then, the chains are oriented and the field is switched off [ Fig. 2(a) ], then switched on again after a rotation of 90 [Figs. 2(b) and 2(c)]. Depending on the chain length, we observe three distinct behaviors. Short chains bend slightly and then rotate to align with the new field direction. Longer chains bend into hairpin shapes, with two straight ends aligned with the field, separated by a curved section. Still longer chains can form multiple bends. When the magnetic field is removed, curved chains return within a few seconds to a nearly straight configuration, a result of the stored elastic energy. We also checked that over rather short times (a few minutes to 1 h after preparation) this behavior remained unchanged, revealing the persistence of these elastic properties.
The equilibrium shape of the hairpins results from a balance between the magnetic force which tends to align the two ends of the chain with the field direction and the elastic force resisting bending. This coupling is evidenced in Fig. 3 : The hairpin curvature increases linearly with the applied field.
Since the deformation is localized only within the links, the hairpin radius of curvature R is related to the radius of curvature of the linker R p through the geometrical relation R p Rl=2a, where l is the linker length [see Fig. 4 (left) ]. If we assume that the bending rigidity of the linker is , the elastic energy stored within one link is U el l=R 2 p . At equilibrium, the total elastic energy of the filament (sum of elastic energy for all links) is balanced by the total magnetic energy, which is the sum of all dipole-dipole interactions [13] . This magnetic energy has the scaling U m / 0 2 H 2 a 3 , where is the effective magnetic susceptibility of the particles and 0 the vacuum permeability. Balancing U el and U m yields the expected linear relation between the curvature of the chain, 1=R, and the applied field H:
To get an accurate measurement of the chain flexibility and linker rigidity, we model the filaments as continuous elastic fibers and derive analytically their shape as a function of magnetic field strength [14] . The computed shapes agree with the experiments and confirm that a single elastic constant, the bending rigidity , is sufficient to account for the deformation. This calculation, in the limit of long hairpins (i.e., with a length much larger than the radius of curvature), gives the maximum dimensionless curvature of the chain as C max 2a=R:
To evaluate the bending rigidity at the scale of a single link, the length l should also be measured. The particle spacing h is determined from collecting the Bragg diffracted light of the oriented chain under the magnetic field, which allows direct scanning of colloidal forcedistance profile [3] . We first measure this profile in the 
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absence of linker and deduce the hard core diameter h c . We then repeat this measurement in the presence of linkers [8] and determine the distance h at which the chains remain permanently intact after the field is switched off. The difference h ÿ h c directly measures the linker length l. For adsorbed PAA, Mw 250 000, we found l 10 5 nm, which is less than the radius of gyration R g 35 nm, as expected. By fitting the data of Fig. 3 with Eq. (2), the bending modulus associated with these bridging polymers is found to be 7:8 10 ÿ26 J m (=l 7:8 10 ÿ18 J 2000k B T). The high bending energy found for this type of spontaneously adsorbed linker clearly suggests the existence of many bridges made of distinct loops, in agreement with adsorbed polymer theory [15] . Indeed, a flexible polymer, with a similar mass, grafted only at its ends, would give a negligible bending rigidity.
We assume that the linker consists of a rod of length l and radius y, at which the distance between the curved surfaces exceeds R G [ Fig. 4 (right) ]. Indeed, on average, spontaneous stretching beyond R G is very unlikely. This radius y is such that y 2 aR G ÿ la. The bending rigidity is related to y by Ey 4 =4, where E is the Young's modulus of this effective rod. In our experiment, y 95 nm and 7:8 10 ÿ26 J m, leading to E 1 10 3 Pa. In a polymer gel, E k B T= 3 , where is the average distance between reticulation points. By comparing with our measurement, we deduce 15 nm, which is equal to the distance between particle surfaces l. Therefore the elasticity of these confined polymers can be simply related to the average distance between immobilized segments, as in a gel. In other words, the adsorption onto colloidal surfaces constrains the motion of the polymer as reticulation points would do.
Before generalizing this technique to other linkers, we examine the limiting curvature of the hairpins that can be reached before the colloidal surfaces come into contact. If the curvature is too high, the particles will touch and stretch the linker, precluding any reliable bending measurement. This limiting (dimensionless) curvature C 2a=R is such that 1 ÿ C 2 =4 1 ÿ l=2a 2 . For the beads used here, the limiting curvature is C 2a=R 0:32, whereas the maximum curvature experienced by the PAA linkers was 0.1. Therefore, our measurements probe only a bending mode.
Many other types of linkers may be explored through this new technique, particularly those having biological implications. As an example, we explore the rigidity of an antibody/antigen sandwich: IgG-vWF-IgG. The von Willebrand factor (vWF Calibrator, Diagnostica Stago) is a multimeric plasma glycoprotein involved in primary hemostasis and in the coagulation process [16] . Its molecular weight ranges from 520 000 up to 10 7 . The immunoglobulin G (IgG, Corgenix Inc.) is a rabbit antihuman vWF. The biomechanics of vWF is important because its deformation under blood flow-induced shear stress is thought to regulate platelet adhesion [17] . The von Willebrand factor can specifically recognize two IgG, as it is commonly employed to measure vWF concentration in human plasma, with latex agglutination immunoassays [16] . Using recommended standard procedures, IgG is directly grafted onto magnetic particles of radius 103 nm [18] . In the presence of vWF, these particles immediately link into chains under a magnetic field whereas the agglutination is much slower in the absence of field. Because of the low density of grafted IgG onto the particles (less than 1 IgG per 2000 nm 2 ), the number of molecular complexes per link is close to 1. In addition, the kinetics of destruction of the chains in the absence of field is single exponential. Therefore the measured rigidity refers to one single complex per link on average.
In Fig. 5 , we report colloidal force-distance profiles in various conditions to measure the linker length. In the absence of a linker, the force-distance curve allows one to deduce the hard core diameter h c which is very close to the particle diameter given by the manufacturer. In the presence of an appropriate amount of linker (about half the grafted protein concentration), we find a long range repulsive force and a threshold both for the force and the distance h at which linking takes place within a few seconds. Although we do not yet have an explanation for the origin of the long range repulsion, we can build these permanent chains by overtaking this barrier which ensures, as for the PAA linker, the formation of perfectly aligned chains. The linker length is the difference h ÿ h c . From both the plot of the curvature as a function of the magnetic field and the optical measurement of the linker length l 20 5 nm (Fig. 5) , we deduce 1:5 10 ÿ26 J m and =l 200k B T (Fig. 3) . We note that the curvature does not extrapolate to zero for zero field. This effect is due to residual friction of the chain on the bottom surface of the cell, which imposes the existence of a threshold magnetic energy to overtake this friction. This effect is much less visible for the previous example because of its much higher bending rigidity. However, the relatively high rigidity of the sandwich rules out a simple random coil-like behavior of the vWF. This large mass protein should thus be viewed as a compact and cohesive structure within the immunological complex.
As shown on the basis of these two selected examples, this technique can probe the rigidity of a variety of linkers and particularly those having biological importance. Moreover, the better understanding of the micromechanical properties of molecules offers new insight into their structural properties. Finally, we believe that single molecule biomechanics can also take advantage of this simple approach.
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